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aflatoxin-producing fungi resident in the region with repeated outbreaks of
lethal aflatoxicosis to those in regions without a history of aflatoxicosis.
Methods and Results: Fungi belonging to Aspergillus section Flavi were isolated
from maize samples from three Kenyan provinces between 2004 and 2006.
Frequencies of identified strains and aflatoxin-producing abilities were assessed,
and the data were analysed by statistical means. Most aflatoxin-producing fungi
belonged to Aspergillus flavus. The two major morphotypes of A. flavus varied
greatly between provinces, with the S strain dominant in both soil and maize
within aflatoxicosis outbreak regions and the L strain dominant in nonout-
break regions.

Conclusions: Aspergillus community structure is an important factor in the
development of aflatoxins in maize in Kenya and, as such, is a major contribu-
tor to the development of aflatoxicosis in the Eastern Province.

Significance and Impact of the Study: Since 1982, deaths caused by aflatoxin-
contaminated maize have repeatedly occurred in the Eastern Province of
Kenya. The current study characterized an unusual fungal community structure
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associated with the lethal contamination events. The results will be helpful in
developing aflatoxin management practices to prevent future outbreaks in
Kenya.

poor, small-scale farmers in Africa, who often rely on

Introduction . . i .
maize for daily nutrition and income.

Today, 500 years after its introduction, maize (Zea mays)
is the most widely grown staple food in Africa (McCann
2005). Maize consumption is a primary avenue through
which humans in Africa become exposed to aflatoxins
(Egal et al. 2005; Shephard 2008). Aflatoxins are meta-
bolites produced by several Aspergillus species. These meta-
bolites are highly toxic to humans and domestic animals.
To minimize potential human exposure, the aflatoxin
content of food and feed is strictly regulated in most of
the world (Van Egmond and Jonker 2004; Shephard
2008). However, these standards have little relevance to

Aflatoxin contamination of maize may be caused by
several species in Aspergillus section Flavi. These fungi
vary widely in both ability to infect and decay crops and
aflatoxin-producing capacity (Cotty 1989). Thus, the
potential of these fungi to contaminate crops with afla-
toxin also varies. Aflatoxin-producing members of sect.
Flavi also differ in morphology, physiology and ecology
(Cotty 1989; Cotty et al. 1994; Bock et al. 2004). In gen-
eral, the process of crop contamination with aflatoxins
begins in the field during crop development and may
continue after crop maturation until the grain is
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ultimately consumed (Cotty et al. 1994). Contamination
is strongly influenced by abiotic factors such as tempera-
ture and humidity as well as biotic factors including
insects and the average aflatoxin-producing potential of
the fungal community associated with crops (Cotty 1997;
Cotty et al. 2008). Aspergillus parasiticus and Aspergillus
flavus are the species most commonly implicated as causal
agents of aflatoxin contamination (Klich 2007; Cotty et al.
2008). Aspergillus flavus is delineated into two morpho-
types called the S and L strains (Cotty 1989). The S strain
produces many small sclerotia (<400 yum in diameter),
relatively few conidia and consistently high levels of afla-
toxin. The L strain produces fewer, larger sclerotia
(>400 ym in diameter), more conidia and, on average,
less aflatoxin than the S strain. A significant percent of L
strain isolates produce no aflatoxin. Several of these atoxi-
genic isolates are the principal active agents in biocontrol
products that are used to manage aflatoxin contamination
(Cotty and Bhatnagar 1994; Dorner 2004a).

The most common aflatoxin, aflatoxin By, is a genotoxin
known to be carcinogenic and teratogenic for both humans
and animals (Wang and Tang 2004; Mckean ef al. 2006).
This aflatoxin was first listed as a human carcinogen in the
First Annual Report on Carcinogens in 1980 by the
National Toxicology Program of the Department of Health
and Human Services (NTP 1980). To date, aflatoxin B, is
the only mycotoxin classified as a Group la human carcin-
ogen by the International Agency for Research on Cancer
(TARC 1982, 2002). Intake of low, daily doses of aflatoxins
over long periods may result in chronic aflatoxicosis
expressed as impaired food conversion, stunting in children
(Gong et al. 2004), immune suppression, cancer and
reduced life expectancy (Cardwell and Henry 2004; Gong
et al. 2004; Williams et al. 2004; Farombi 2006). Ingestion
of high concentrations of aflatoxin results in rapid develop-
ment of acute aflatoxicosis characterized by severe liver
damage leading to jaundice, hepatitis and, when most
severe, death (Williams et al. 2004). Outbreaks of acute
aflatoxicosis have never been reported for developed coun-
tries but have occurred in several developing countries
(Krishnamachari et al. 1975; Tandon et al. 1977; Ngindu
et al. 1982; Lye et al. 1995; Probst et al. 2007). However,
only in India and Kenya have epidemics of acute aflatoxico-
sis been repeatedly reported.

In Kenya, maize is the staple food that dominates food
security considerations. It has a per capita consumption of
98 kg per annum and accounts for about 40% of the daily
calorie intake (http://www.fao.org). As a direct conse-
quence, Kenyans are exposed to regular doses of aflatoxins
through maize ingestion. The first reported outbreak of
acute aflatoxicosis in Kenya occurred in 1982 in the Eastern
Province (Ngindu et al. 1982). More outbreaks were offi-
cially reported in 2001, 20042006 and 2008 (Shephard
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2003; Anonymous, 2004). The outbreaks occurred
exclusively in only 4 of the 71 Kenyan districts. The affected
districts are adjacent to each other and located in Kenya’s
Eastern and Central Provinces. The districts Kitui (East-
ern), Machakos (Eastern), Makueni (Eastern) and Thika
(Central) were affected, with Kitui and Machakos reporting
the highest death rates in all years. Kenya is the only
African nation with recurrent outbreaks of acute aflatoxicosis.
The 2004 outbreak was one of the most severe episodes of
human aflatoxin poisoning in history and was caused by
ingestion of homegrown maize (Lewis et al. 2005; Muture
and Ogana 2005). Analysis of maize samples collected
during the 2004 outbreak by the National Public Health
Laboratory Services in Nairobi and the Center for Disease
Control and Prevention (CDC) suggests that the fungal
community structure was an underlying contributor to the
2004 aflatoxicosis outbreak (Probst 2005; Probst et al.
2007). The primary causal agent was determined to be the
S strain of A. flavus. These conclusions were supported by
the high frequency of S strain isolates in highly contami-
nated maize, by the consistently high aflatoxin production
by these S strain isolates in vitro and in vivo, and by the
strong positive correlation between percentage of the S
strain in the infecting A. flavus community and the maize
aflatoxin content (Probst et al. 2007). This study was the
first to link a particular fungal taxon to an aflatoxicosis
epidemic. Identification of the precise causal agent is an
important initial step in the development of management
practices (Cotty et al. 2008). However, information on how
fungal communities vary between districts with and
without histories of acute aflatoxicosis is unknown, and
corroborating evidence for dominance of the S strain on
maize from the affected districts in years other than 2004 is
lacking.

This study sought to compare communities of afla-
toxin-producing fungi on maize in the affected Kenyan
districts during the aflatoxicosis outbreak years of 2005
and 2006 with those previously described for 2004 and
with fungal communities on maize in adjacent districts
with no histories of aflatoxicosis epidemics. In the pro-
cess, a body of evidence was developed that convincingly
implicates fungal community composition as an impor-
tant factor predisposing the affected districts to increased
incidences of acute aflatoxicosis.

Materials and methods

Sampling

In 2005, ground maize and soil samples were collected in
Kitui district of Eastern Province, Kenya at locations
where lethal aflatoxicosis had been reported (Fig. 1).
The Eastern Province is characterized by its semi arid
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midlands and bimodal rain patterns. The elevation of this
Province is between 400 and 1800 m. Maize samples were
taken from household storage, and soil was collected in
the fields in which the sampled maize was produced. Each
soil sample was a composite of 8-16 subsamples taken
from the top 2 cm of soil from locations at least 4 m
apart. Additional maize samples were collected from
farmers and local markets in Kitui. In 2006, additional
ground maize samples were collected in the Eastern Prov-
ince (Makueni and Kitui districts) (Fig. 1) and in two
provinces, the Rift Valley Province and the Coast
Province, adjacent to the Eastern Province but with no
history of lethal aflatoxicosis (Fig. 1). Six of the Coast
Province samples were taken along the coast at elevations
between 12 and 145 m. Two samples were taken inland
along the maize supply route from Tanzania at about
1000 m. Those areas differ in climate and maize produc-
tion. The southern coast is warm and semi-humid with
bimodal rain patterns and some maize production. In
contrast, the north coast is warmer and dryer with very

North Eastern
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Figure 1 Map of Kenya indicating sample
sites. Districts of the Eastern Province that
had reported aflatoxicosis outbreaks are
highlighted in grey. Names of districts are
underlined. Names of provinces are not
underlined. Each symbol may stand for more
than one sample. (&) Sample sites in 2005,
aflatoxicosis districts; (@) sample sites in 2006,
aflatoxicosis districts and (@) sample sites in
2006, non-aflatoxicosis provinces.

little maize production but high import rates. All maize
samples from the Rift Valley originated from high
elevation areas (1026-2412 m) in the central and eastern
parts of the province (Fig. 1). The central region of the
Rift Valley is characterized by its cool and humid climate
with only one long rain season and intensive maize
production. Most of the maize for local markets and
export is grown in this area. The humid eastern parts
have a bimodal rain pattern and sufficient maize produc-
tion for local consumption. Soil and maize samples were
imported to the USDA, ARS, Laboratory for Aflatoxin
Reduction in Crops, at the University of Arizona, Tucson
under permits issued by the USDA Animal and Plant
Health Inspection Service.

Culture medium

Modified rose Bengal agar (M-RB), a defined, semi-
selective medium for Aspergillus sect. Flavi (Cotty 1994),
was used for isolations. For culture maintenance, 5/2 agar
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(5% V8-juice, 2% agar, adjusted to pH 5-2 prior autoclav-
ing) was used.

Fungal isolation and quantification

Prior to analysis, maize and soil samples were homo-
genized. Soil samples were hammered to break up soil
clods prior to homogenization. Maize samples were finely
ground in a laboratory mill. Both ground maize and
powdered soil were vigorously shaken to ensure proper
mixing. Samples were also weighed, analysed for moisture
content (HB43 Halogen Moisture Analyzer; Mettler
Toledo, Columbus, OH), dried to 5-8% moisture to
prevent fungal growth and stored for up to 4 weeks at
4°C until further analysis. Maize samples were between
110 and 433 g (mean = 291 g).

Fungal isolates were recovered by dilution plate tech-
nique on M-RB (Cotty 1994). Sample material (about
1 g) was mixed by inverting in a 15-ml test tube contain-
ing 5 ml sterile-distilled water for ¢. 20 min, and aliquots
(100 ul per plate) of the resulting suspension were spread
on M-RB plates (n = 3). After incubation (3 days, 31°C,
dark), Aspergillus sect. Flavi colonies were enumerated
[Colony Forming Units (CFU) per g]. Up to 10 discrete
colonies were aseptically transferred to 5/2-agar and incu-
bated (5-7 days, 31°C). Aspergillus species (Kurtzman
et al. 1987; Klich and Pitt 1988) and strains (Cotty 1989)
were identified by both macroscopic and microscopic
characters. Isolations were performed two to four times
to verify results. A total of 15 Aspergillus sect. Flavi iso-
lates were stored long term as 3-mm plugs of sporulating
culture in sterile-distilled water at 4°C. Because Aspergillus
tamarii has been repeatedly reported to be atoxigenic,
isolates of A. tamarii were identified, enumerated and
discarded after initial verification of the atoxigenicity of
A. tamarii isolates from Kenya.

Quantification of aflatoxins in ground maize

A USDA/GIPSA certified Enzyme-Linked ImmunoSor-
bent Assay (ELISA; MycoChek; Strategic Diagnostics, Inc,
Newark, DE, USA) was used to detect and quantify afla-
toxins in the maize samples. Ground maize samples were
mixed thoroughly, and a 50 g sub-sample was blended
with 250 ml 70% aqueous methanol, and the aflatoxin
content determined according to the manufacturer’s
instructions.

Aflatoxin production in maize kernels

The aflatoxin-producing abilities of 126 random L strain
isolates that originated from three Kenyan provinces in
2006 were compared. An aflatoxin assay in maize kernels
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was conducted to assess toxin production in the host.
The experiment was conducted twice, with 84 isolates in
the first experiment and 42 isolates in the second experi-
ment, and aflatoxin values were calculated as an average
from three repetitions. Undamaged maize kernels
(10 g 250 mlI™"  Erlenmeyer flask) were autoclaved
(60 min), cooled to room temperature and adjusted to
25% moisture. Flasks were seeded with freshly prepared
spore suspensions (2 ml containing 1:9-2:0 x 10° spores)
from 5-day-old cultures and incubated for 7 days at 31°C
in the dark. Maize cultures were blended in 80% metha-
nol (50 ml) until evenly homogenized and maize-metha-
nol slurry was filtered through Whatman No. 4 paper.
Culture filtrate was spotted directly onto thin-layer chro-
matography (TLC) plates (Silica gel 60; EMD, Darmstadt,
Germany) adjacent to aflatoxin standards (Aflatoxin Mix
kit-M; Supelco Bellefonte, PA) containing a mixture of
aflatoxins Bj, B,, G; and G,. Plates were developed in
ethyl ether—methanol-water, 96 : 3 : 1, air-dried, and afla-
toxins were visualized under 365-nm UV light. Aflatoxins
were quantified directly on TLC plates with a scanning
densitometer (TLC Scanner 3; Camag Scientific Inc,
Wilmington, NC, USA). Filtrates initially negative for
aflatoxins were partitioned twice with methylene chloride
and concentrated prior to quantification (limit of detec-
tion 1 ng g ' mycelium) as previously described (Cotty
1997). Each isolate was subjected to three replications,
and each experiment was performed twice.

Production of spores by A. flavus isolates on maize
kernels was determined with a turbidity meter (Model
965-10; Orbeco-Hillige, Farmingdale, NY, USA). After
inoculation and growth as described earlier, kernels were
washed with 50 ml methanol, 1 ml of the resulting spore
suspension was diluted in 19 ml EtOH : H,O, the turbid-
ity measured, and spore concentration calculated with the
Nephelometric Turbidity Unit (NTU) vs CFU curve
Y =49 937X (X = NTU, Y = spores per ml).

Data analysis

Mean comparisons were subjected to either Student’s
t-test or, for multiple comparisons, Analysis of Variance
and Tukey’s HSD test as implemented in either STATA 9.2
(StataCorp, College Station, TX, USA) or sas 8.0 (SAS
Institute, Cary, NC, USA).

Results
Isolation and quantification of Aspergillus sect. Flavi
from ground maize

In the current study, 2256 isolates of Aspergillus sect. Flavi
were examined from a total of 165 ground maize samples
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Table 1 Incidences of Aspergillus section Flavi species and strains on maize grown in three provinces of Kenya

Aspergillus

flavus
Sampling Kenyan Kenyan Aflatoxicosis Number Number of Total aflatoxin S strain L strain Aspergillus Asperqillus
year province  district outbreaks  of samples isolates (ug kg ") (%) (%) parasiticus (%) tamarii (%) Other (%)
2005 Eastern  Kitui Yes 39 585 4263 832 152 22 0 0?
2006 Eastern  Kitui Yes 45 540 2196 75° 25° 0? 0° 0?
2006 Eastern Makueni Yes 60 791 37592 70° 25° 42 0? 19
2006 Coast Taita taveta No 2 37 0-1° o° 81P 0? 192 0?
2006 Coast Kwale No 2 40 120-4° oP 81°  0° 192 0?
2006 Coast Tana river  No 2 32 10-9° oP 90° 0? 10° 0?
2006 Coast Kilifi No 2 30 1-8° o° 100°  ©0° 0° 0?
2006 Rift Valley Marakwet No 2 32 o° 13° 84> 0? 0? 32
2006 Rift Valley Baringo No 3 47 ob 2b 8g° 0? 28 82
2006 Rift Valley Keiyo (i)  No 2 30 13:4° oP 90° 0? 0? 10°
2006 Rift Valley Kajiado No 2 31 66° 3P 90° 0? 72 0?
2006 Rift Valley Nakuru No 2 31 5-6° o° 97° 0? 32 0?
2006 Rift Valley Laikipia No 2 32 310 oP 94> 0? 32 32

Total aflatoxin (ppb), sum of aflatoxins B4, B,, Gy and G, in the maize sample; S strain (%), percentage of Aspergillus sect. Flavi isolates belonging
to the S strain of A. flavus; L strain (%), percentage of Aspergillus sect. Flavi isolates belonging to the L strain of A. flavus; A. parasiticus (%),
percentage of Aspergillus sect. Flavi isolates belonging to A. parasiticus; A. tamarii (%), percentage of Aspergillus sect. Flavi isolates belonging to
A. tamarii; other (%), percentage of isolates for which species could not be assigned.

Means followed by the same letter in each column are not significantly different (P < 0-05) by Tukey’s Studentized Range test.

obtained in 2005 and 2006 (Table 1). Results for 2004
were previously reported (Probst et al. 2007). In total,
A. flavus made up 98% of Aspergillus sect. Flavi isolates
from maize samples that originated in the affected Ken-
yan districts. On the basis of colony characteristics and
sclerotial morphology, 76% of the A. flavus isolates from
the affected areas belonged to the S strain morphotype
and 22% to the L strain morphotype. Incidences of the
morphotypes did not differ (P = 0-05) among 2004, 2005
and 2006. A. parasiticus was only present in 26 samples
and made up 2% of the isolates. Other members of
Aspergillus sect. Flavi made up <1% of the total isolates
(Table 1).

In stark contrast to the Eastern Province, maize sam-
ples from the Coast Province (n = 8) mainly contained
the L strain of A. flavus (88% of Aspergillus sect. Flavi),
and no S strain isolates were recovered. The remaining
12% of Aspergillus sect. Flavi isolates were the atoxigenic
species A. tamarii (Table 1). Maize from the Rift Valley
was also predominantly infected by A. flavus (mean =
94%) with the L strain dominant (mean = 91%) and
with the S strain composing up 13% of the Aspergillus
sect. Flavi fungi (mean = 3%). Other Aspergillus sect.
Flavi species were minor components of the examined
fungal communities (Table 1). Aspergillus parasiticus was
not detected in either the Coast or Rift Valley Prov-
inces (Table 1). Compositions of A. flavus communities
associated with maize from the aflatoxicosis outbreak

region differed significantly (P < 0-05) from those asso-
ciated with both the Rift Valley and Coast Provinces
(Table 1).

Aspergillus sect. Flavi in paired soil and maize samples
from small stakeholder farms in Kitui district, Eastern
Province

Fifteen Aspergillus sect. Flavi isolates were recovered
from each maize and soil sample (14 pairs total) from
affected households in Kitui district. The only aflatoxin-
producing species detected were A. flavus and A. para-
siticus. The latter species was present in only one maize
and six soil samples where it composed 0-5-13% of the
Aspergillus sect. Flavi. Aspergillus flavus was the most
common aflatoxin producer in all 28 samples. In maize,
91:3% of the Aspergillus sect. Flavi isolates belonged to
the S strain and 83% to the L strain; only 05%
belonged to A. parasiticus. Incidence of the S strain was
significantly (P < 0-001) less (61% vs 91%) in soil than
in maize while incidences of both the L strain and
A. parasiticus were greater (fig. 2). Additionally, the
nonaflatoxin-producing species A. famarii was present
in 9% of the soil samples, but was not detected in any
maize sample. There were significantly more (P < 0-005,
Student t-test) Aspergillus sect. Flavi propagules in
maize (mean = 487 CFU g_l) than in the soil
(mean = 9-4 CFU g_l).
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Table 2 Comparison of aflatoxin and spore production by Aspergillus flavus L strain isolates from three adjacent provinces in Kenya

Kenyan Experiment Number of tested Avg. aflatoxin Atoxigenic Avg. spores
province no. L strain isolates By (ug kg'1) (%) per ml
Eastern 1 28 13 200% 54 12 x 1072
Rift Valley 1 28 12 000? 61 14 x 1072 ®
Coast 1 28 1200° 82 15 % 107°
Eastern 2 14 27 800° 57 1-2x 1072
Rift Valley 2 14 12 200? 79 1-3x 1072
Coast 2 14 4800° 93 16 x 107°

Means followed by the same letter in each column are not significantly different (P < 0-05) by Tukey’s Studentized Range Test. Different isolates

were used in the two experiments.
Avg., average value of three repetitions.

Aflatoxin content in maize

Aflatoxin content in maize, as determined by ELISA, dif-
fered significantly (P = 0-01, Student’s t-test) among
provinces with the greatest concentrations of aflatoxins
found in maize from the Eastern Province
(mean = 340 ppb, range of annual means = 219-426).
The aflatoxin content of maize from the Eastern Province
did not differ significantly between 2005 and 2006
(Table 1). Only 41% of the Eastern Province samples
were below 20 ppb compared to 75% percent of maize
from the Coast and 100% of the samples from the Rift
Valley (Table 1). Only one sample recovered from Kwale
district in the Coast Province was highly contaminated
with 240 ppb total aflatoxin.

Aflatoxin production in maize kernels

Aflatoxin-producing ability of L strain isolates from three
Kenyan provinces (total of 42 isolates per district) was

110
100
90
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50

40
Figure 2 Per cent of Aspergillus sect. Flavi

composed of the S strain in maize (black bars)
and soil samples (white bars) obtained at 14
locations in Kitui district (Eastern Province,
Kenya) in 2005. Error bars indicate standard 10
errors of the mean. The means of the maize 0
and soil samples were significantly different at

the P < 0-001 (paired t-test).

30

% of S strain recovered from sample

20

assessed on maize kernels (Table 2). The results obtained
from both experiments were consistent with each other. L
strain isolates from Eastern Province and Rift Valley
Province did not differ significantly. Both aflatoxin
production and sporulation on maize were similar. On
the other hand, L strain isolates from the Coast Province
consistently produced the lowest concentration of
aflatoxin B; and had the highest incidence of atoxigenic
strains (Table 2). Isolates from the Coast Province also
produced significantly (P < 0-05) more spores on maize
than isolates from the Eastern Province, but differences
with isolates from the Rift Valley were only detected in
the second experiment.

Aflatoxin B; production by 22 toxigenic A. flavus iso-
lates from the Eastern Province (11 L strain and 11 S
strain isolates) was compared (Table 3). Isolates were
obtained from maize collected in the Eastern Province
in 2004. Aflatoxin B; production by L and S strains
differed significantly (P < 0-001). L strain isolates pro-
duced 4 ppb to 15 ppm aflatoxin B;. In contrast, S

4 5 6 7 8 9 10 11 12 13 14
Sample ID
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Table 3 Aflatoxin B; production on maize kernels by Aspergillus
flavus S and L strain isolates from the Eastern Province of Kenya

Average aflatoxin By (ug kg™")

Isolate no. A. flavus L strain A. flavus S strain
1 4¢ 7520"
2 6° 14 666"
3 9° 18 368"
4 16¢ 34 096"
5 6261°¢ 59 68091
6 6411°< 101 151%9
7 6950° 115 7259
8 7263° 126 047%f
9 736120 136 896°f
10 10 946° 179 243%¢
11 15 108° 233 029¢
Mean 5485 93 311

Values (averages of three replicates) followed by the same letter are
not significantly different (P = 0-05) from each other (Tukey—Kramer
HSD test). L and S strain means differ significantly (P < 0-001, t-test).

strain isolates produced up to 233 ppm aflatoxin B,
(Table 3).

Discussion

The lethal aflatoxicosis outbreak in the Eastern Province
of Kenya in 2004 resulted in widespread interest within
the international food safety community. Although epide-
miological explanations for the contamination were dis-
cussed (Azziz-Baumgartner et al. 2005; Lewis et al. 2005),
efforts to precisely describe the etiologic agent lagged
until an association of the S strain of A. flavus with the
most severely contaminated maize was found (Probst
et al. 2007). The precise aetiology of aflatoxin-contamina-
tion events is difficult to describe because aflatoxin-
producing fungi exist in communities composed of
individuals that vary widely in both virulence to plants
and aflatoxin-producing ability (Cotty 1989; Brown et al.
1992; Shieh et al. 1997; Cotty et al. 2008). Thus, both the
incidence of a particular fungus in the affected crop and
the aflatoxin-producing capacity of the fungus must be
taken into consideration. The S strain of A. flavus was
both very common in maize associated with the 2004 epi-
demic and capable of producing very high concentrations
of aflatoxins. Aflatoxin content of the maize was directly
correlated with the proportion of the infecting fungi
belonging to the S strain (Probst ef al. 2007). The current
study supports attribution of the S strain as the primary
cause of the aflatoxicosis outbreaks in Kenya by describ-
ing dominance of the A. flavus S strain among fungi
infecting maize in regions, where aflatoxicosis outbreaks
were reported during 2005 and 2006 (Table 1). Further-
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more maize from neighbouring provinces (Rift Valley and
Coast) without histories of lethal aflatoxicosis (Fig. 1) was
shown to have low (Rift Valley Province) to no (Coast
Province) incidences of the A. flavus S strain. Aflatoxin
production assays confirmed high aflatoxin-producing
potentials of S strain isolates from Kenya. All isolates con-
sistently produced much higher quantities of aflatoxin B,
than L strain isolates (averages =93 wvs 548 ppm,
Table 3). This result is similar to observations from other
continents (Saito et al. 1986; Novas and Cabral 2002). S
strain incidence was previously correlated with crop afla-
toxin content (Jaime-Garcia and Cotty 2006a).

To determine whether L strain isolates contribute simi-
larly to aflatoxin-producing potential of fungal communi-
ties within and adjacent to outbreak areas, we compared
aflatoxin production by L strain isolates from each of the
three Kenyan provinces studied. L strain isolates from the
Coast Province produced less aflatoxin than those from
either the Eastern or Rift Valley Provinces. Reduced afla-
toxin-producing potential in the Coast Province was asso-
ciated with high frequencies (93%) of atoxigenic isolates.
No S strain isolates were found in Coast Province, and
the only other member of Aspergillus sect. Flavi found
was A. tamarii, an atoxigenic species. Although L strain
isolates did vary in aflatoxin-producing ability among the
districts, average aflatoxin production by L strain isolates
from all three provinces was consistently below that
observed for S strain isolates.

When environmental conditions favour contamination,
crops become associated with and infected by complex
communities of aflatoxin-producing and closely related
fungi (Horn 2003; Cotty and Jaime-Garcia 2007; Cotty
et al. 2008). Even when only A. flavus is present, individ-
ual seeds become infected with multiple strains and/or
vegetative compatibility groups that vary in aflatoxin-pro-
ducing capacity (Novas and Cabral 2002; Pildain et al.
2004). Atoxigenic strains typically make up significant
percentages (Horn and Dorner 1999; Vaamonde et al.
2003; Atehnkeng et al. 2007; Donner et al. 2009) of
infecting A. flavus communities and greatly modulate the
extent to which crops become contaminated (Cotty et al.
2008). Indeed, this is one mechanism through which
atoxigenic strain biocontrol agents reduce contamination
in treated crops. (Cotty and Bayman 1993; Dorner
2004b). The dominance of the S strain and the paucity of
atoxigenic A. flavus L strain isolates are the most likely
explanation for the very high levels of aflatoxin seen in
the affected districts of the Eastern Province.

Factors that lead to dominance of the S strain in this
area remain unclear. Cultural practices during cultivation,
harvest and storage and/or climatic factors may support
this dominance, but roles of specific factors need to be
investigated.
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In addition to aflatoxin, several other highly toxic com-
pounds are known to be concentrated within sclerotia of
Aspergillus (Wicklow and Cole 1982). Isolates of the S
strain produce greater quantities of sclerotia than other
A. flavus (Jaime-Garcia and Cotty 2004), and S strain
sclerotia may form both on crop surfaces and within
developing seeds. Sclerotia, particularly those formed
within crop tissues, might not be readily evident during
hand sorting. Furthermore, during milling, the tiny S
strain sclerotia would be cryptically incorporated into the
flour. As such, sclerotial production by S strain isolates
might contribute toxicity beyond that expected from afla-
toxins alone.

Currently, management is directed at cultural practices
(i.e. harvest procedures, irrigation and storage) and devel-
opment of resistant cultivars (Brown et al. 2001; Bruns
2003; Turner et al. 2005; Kaaya and Kyamuhangire 2006).
The identification of the causal fungi may be an initial
step in interrupting the aflatoxin contamination processes
in Kenya. The S strain of A. flavus is ecologically and
physiologically different from other aflatoxin producers
(Cotty and Mellon 2006) and responds to crop rotations
and seasons differently than the L strain isolates (Bock
et al. 2004; Jaime-Garcia and Cotty 2006b). Thus, the S
strain life cycle should be taken into consideration when
designing interventions. Furthermore, it is not clear that
cultivars respond similarly to L and S strain isolates.
When screening cultivars for reduced susceptibility to
contamination, incorporating the actual causal agent into
screens would be the wisest course. Alternative methods
of management should also be considered including use
of atoxigenic strains of A. flavus as biocontrol agents.

The aflatoxin-producing potential of fungal communi-
ties can be reduced through application of native atoxi-
genic strains of A. flavus (Brown et al. 1991; Cotty and
Bayman 1993; Dorner 2004b). Two atoxigenic strains are
registered for aflatoxin management in the United States
(Dorner 2004a; Ehrlich and Cotty 2004), and certain
atoxigenic strains are known to be particularly effective
against the S strain (Garber and Cotty 1997; Cotty and
Antilla 2003). Atoxigenic strain applications shift fungal
community composition towards dominance of atoxigenic
fungi and, as a direct consequence, reduce the aflatoxin
content of infected crops (Cotty and Bayman 1993;
Dorner et al. 1999; Cotty et al. 2008). Implementation of
biocontrol techniques for West Africa is currently under
development (Bandyopadhyay et al. 2005; Atehnkeng
et al. 2008; Cotty et al. 2008).

Aflatoxin contamination of maize in Coast Province
was detected in the current study at levels considered to
be unsafe for human consumption. Thus, the current
results indicate that the environment of Coast Province is
sufficient to support contamination of maize to unsafe
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levels by fungal communities lacking the S strain and
with relatively low aflatoxin-producing potentials. Estab-
lishment of the S strain in maize-producing areas of the
Coast Province could be expected to result in increased
incidences and severities of contamination.

L strain isolates from the Coast Province produce more
spores on maize kernels than L strain isolates from
districts affected by acute aflatoxicosis. High sporulating
isolates from the Coast Province may be well suited to
competitively exclude the S strain during maize produc-
tion and, as such, atoxigenic isolates among these may be
good candidates for biocontrol agents directed at prevent-
ing future episodes of lethal aflatoxicosis in the Eastern
Province through competitive exclusion of the S strain.

In West Africa, an unnamed taxon (frequently called
strain Spg) absent from North America but morphologi-
cally similar to the S strain of A. flavus is common (Cotty
and Cardwell 1999). DNA-based phylogenies indicate that
strain Spg is a distinct species that groups outside both
A. flavus and A. parasiticus (Egel et al. 1994; Ehrlich et al.
2005). Morphological similarities between the S strain
and strain Spg make differentiation based on macroscopic
or microscopic characteristics intractable. However, the
A. flavus S strain can be readily separated from strain Spg
by aflatoxin production. All strains of A. flavus produce
only B aflatoxins as a result of a 0-8-1-5-kb deletion in
the 28 gene aflatoxin biosynthesis cluster (Ehrlich and
Cotty 2004). In contrast, strain Spg produces both B and
G aflatoxins. Both strain Spg and A. flavus are common
within communities of aflatoxin-producing fungi in West
Africa. However, all A. flavus isolates from West Africa
belong to the L strain morphotype (Cotty and Cardwell
1999; Cardwell and Cotty 2002; Atehnkeng et al. 2008;
Donner et al. 2009). Indeed, the A. flavus S strain had
not been detected in Africa prior to the initial report on
maize produced in the Eastern Province of Kenya during
2004 (Probst et al. 2007). Our current findings support
these observations. Strain Sgpg was not isolated from any
maize or soil samples collected from the Eastern Province
in Kenya in 2005 or 2006. Aspergillus flavus was the domi-
nant species throughout Kenya with the S strain dominant
in the Eastern Province and the L strain dominant in the
Coast and Rift Valley Provinces.

In the Eastern Province, the S strain was a more
important component of the A. flavus community infect-
ing maize than the A. flavus community resident in the
soil in which the maize was produced (91% of A. flavus
in maize was S strain, whereas 61% was S strain in soil).
This is surprising because the S strain produces relatively
few spores compared to the L strain during maize infec-
tion. Apparently, in the Eastern Province, there are factors
that favour S strain movement to maize from soil and
subsequent colonization and infection.
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It is not clear from where the A. flavus S strain isolates
originated. The possibility that they were introduced into
Kenya, as was maize, from the Americas should be inves-
tigated. It is possible that when maize was distributed
over the world, the S strain was also inadvertently intro-
duced in several regions. Similar introductions of pests of
maize in Kenya have been reported in the literature. For
example, the larger grainborer Prostephanus truncates
(Horn) (Coleoptera: Bostrichidae) was introduced from
Meso-America into East Africa in the early 1980s and has
been reported from maize deficit areas in the dry mid-
altitudes of Kenya since the early 1990s (Hodges et al.
1983, 1996).

Incidences of the A. flavus S strain remained high from
2004 to 2006 in the Eastern Province, a period during
which outbreaks of acute aflatoxicosis recurred leading to
hundreds of deaths. Intervention is urgently needed.
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